Despite greater knowledge and possibilities in pharmacotherapy, fungal infections remain a challenge for clinicians. As the population of immunocompromised patients and those treated for their hematologic ailments increases, the number of fungal infections grows too. This is why there is still a quest for new antifungal drugs as well as for optimization of pharmacotherapy with already registered pharmaceutics. Voriconazole and posaconazole are broad-spectrum, new generation, triazole antifungal agents. The drugs are used in the pharmacotherapy of invasive aspergillosis, Candida and Fusarium infections. Voriconazole is also used in infections caused by Scedosporium. Posaconazole is used in the treatment of coccidioidomycosis and chromoblastomycosis. Besides some similarities, the two mentioned drugs also show differences in therapeutic indications, pharmacokinetics (mainly absorption and metabolism), frequency and severity of adverse drug reactions, drug-drug interactions and dosage. As both of the drugs are used in the treatment of invasive fungal infections in adults and children, detailed knowledge of the clinical pharmacology of antifungal agents is the main factor in pharmacotherapy optimization in treatment of fungal infections. The goal of the article is to present and compare the clinical pharmacology of voriconazole and posaconazole as well as to point out the indications and contraindications of using the drugs, determine factors influencing their pharmacotherapy, and provide information that might be helpful in the treatment of fungal infections.
Introduction
Fungal infections are one of the most severe problems in clinical practice, especially in hematology and oncology units. They make up from 9 to 10% of all infections developing among hospitalized patients. Fungemia can be either a complication connected with the malignancy itself or an adverse effect of the oncological treatment (chemo-, radio-and corticotherapy). Furthermore, it can influence the final result of treatment. In the group of patients with oncological diseases, allogenic bone marrow transplantations, relapse of leukemia, pancytopenia lasting longer than ten days, undergoing corticotherapy and broad-spectrum antibiotic therapy, immunosuppressive treatment and graft versus host disease (GVHD) are the main factors predisposing to fungal infections. Pathogens mainly responsible for invasive fungal infections (IFI) are Candida spp. and Aspergillus spp. The first kind often develops as a concurrent illness during acute mucosa inflammation, infections connected with central venous catheters and the use of broad-spectrum antibiotics, and pre-existing colonization with the pathogen in at least one body area. The second kind leads to infection resulting from inhalation of spores from the air. This is why pulmonary aspergillosis is one of the most frequent infections caused by Aspergillus spp. (87% of patients), followed by sinusitis and rhinitis (16%), and less frequently encephalitis (8%). The risk factors of aspergillosis are neutropenia lasting for longer than two weeks, staying in an endemic region, tuberculosis and cytomegalic virus infection. The risk factors promoting fungal infections are presented in Table 1 [1] [2] [3] [4] [5] [6] [7] [8] .
The frequency of fungal infections is still growing, and the prophylactic and empiric antifungal treatment using extended spectrum drugs leads to development of resistance. Unfortunately, such infections are not easy to diagnose, especially in their early stages. This is mainly connected with their nonspecific nature -similar to virus and bacterial infections, affecting immunocompromised patients, few symptoms usually limited to pyrexia, decreased options of diagnostic testing in patients in a serious condition, and false negative results of performed diagnostic tests. It has been determined that the median mortality rate among patients, after chemotherapy, caused by invasive yeast infections is 39% and it varies among different types of fungi. As an example, the mortality rate in Aspergillus spp. infections is 49.3% and it can rise to 86.7% in patients after hematopoietic cell transplantation. For patients with candidiasis the mortality rate is about 14-36%, for invasive fusariosis it is much higher, and varies from 66 to 75%, and for scedosporiosis the estimated mortality rate is between 65 and 100% [9] [10] [11] . Every patient with neutropenia and long lasting pyrexia who is not getting better after antibiotic therapy should be suspected of fungal infection, and there is an urgent need to perform laboratory tests. Diagnostic procedures covering microscopic, microbiologic, serologic and genetic testing help to decide which pharmacological treatment would be the best [2, 3, 12] .
For over 40 years, the treatment of fungal infections was based on amphotericin B. The numerous adverse effects, especially nephrotoxicity, forced sci-entists to search for other drugs. In the 1980s, a new generation -azole antifungal drugs -entered therapeutic use. Depending on the amount of nitrogen atoms in the azole ring, the new pharmacotherapeutic group has been divided into imidazoles (with 2 nitrogen atoms) represented by ketoconazole, miconazole, clotrimazole, tioconazole, econazole, isoconazole, and triazoles (3 nitrogen atoms) -the first generation with fluconazole and itraconazole, the second generation with voriconazole and posaconazole [13, 14] .
The goal of this article is to present and compare the clinical pharmacology of the new generation triazole drugs voriconazole (approved for therapy in 2002) and posaconazole (approved for therapy in 2006) [13] .
Mode of action and therapeutic indications
The mode of action of voriconazole and posaconazole is the inhibition of fungal cytochrome P450 mediated 14-alpha lanosterol demethylation, which causes damage in the structure and the loss of cell membrane function. Voriconazole is a broad spectrum antifungal agent indicated for the treatment of candidiasis also caused by fluconazole-resistant C. glabrata and C. krusei. The main indications for treatment with voriconazole are invasive aspergillosis (first line treatment [15, 20] ), candidiasis in non-neutropenic patients, fluconazole-resistant severe invasive Candida infections (including C. krusei) and also invasive Scedosporium spp. and Fusarium spp. infections (first line treatment [20] ). The drug can be used in children older than two years, and in adults. It is classified as C in the FDA Pregnancy Categorization, which means that the drug can be used in pregnant women only when the benefits for the mother outweigh the risk for the fetus. It is contraindicated during lactation [16] .
In the prevention of fungal infections, no greater effectiveness of voriconazole over fluconazole has been established. A decrease in the mortality rate compared with amphotericin B treatment in the group of patients with invasive aspergillosis has been observed [18] . Voriconazole is available on the market in the form of film-coated tablets, oral suspension, and as an infusion [20] . It should be administered a minimum of 1 h before meals. A contraindication for the use of voriconazole is hypersensitivity to the drug itself or other azoles. During the treatment, liver and kidney biochemical parameters should be monitored. The patients should avoid long exposure to the sun. Photosensitivity usually develops after 12 weeks of treatment [15] .
According to numerous adverse drug reactions (ADR), the duration of antifungal therapy should be as short as possible. In cases of treatment longer than 6 months, the risk-benefit balance should be considered [16] .
Posaconazole is also a broad spectrum antifungal agent indicated in first line prophylaxis of invasive Aspergillus spp. and Candida spp. infections. However, its range of action is very similar to voriconazole, and so posacon- [21] [22] [23] . The drug is available on the market in the form of film-coated tablets, oral suspension, and as an infusion. The intravenous formulation is available in the USA, the European Union and Canada, where it has been approved by the proper medicine agencies. In contrast to the previously described voriconazole, the molecule of posaconazole has a lipophilic character which leads to differences in administration of both drugs. It was the first medicine used in patients undergoing intensive chemotherapy to induce remission. The drug was developed for prophylaxis and treatment in patients with immunodeficiency, hematological ailments and persons after bone marrow transplantation treated with high doses of immunosuppressive drugs to prevent GVHD [15, 20, 24] . Posaconazole is used in primary treatment of oral candidiasis in patients with immunodeficiency where a limited response to local treatment is expected. Other indications are pharmacotherapy and prophylaxis of invasive aspergillosis refractory to amphotericin B and itraconazole and in the case of intolerance to the first line treatment, also with voriconazole. As the second line treatment, posaconazole is used in fusariosis (in the case of intolerance to amphotericin B), chromoblastomycosis (in the case of intolerance to itraconazole), coccidioidomycosis (in the case of intolerance or refractory to amphotericin B, itraconazole and fluconazole) [24] .
Unfortunately, molds resistant to posaconazole and voriconazole have already been isolated, mainly in the Candida spp. and Aspergillus spp. strains [24] [25] [26] . The main mechanism of resistance is the change of functional groups in the target protein CYP51 [15, 17, 24] . This resistance can constitute a clinically relevant problem. It has to be remembered that this is not the only mechanism of resistance to azoles, and that in fungi, always several mechanisms are involved at the same time. Apart from the lack or weakness of drug penetration resulting from changes in the composition of sterols and phospholipids in the fungal cell, changes in the efflux process of the drug, defects in the drug metabolizing cytochrome P450 enzymes and changes of the drug itself play a great role in the development of resistance.
In contrast to the bacterial one, the resistance to azoles in fungi may or may not affect cross-resistance to other drugs from the same group [27] .
The main treatment indications for voriconazole and posaconazole are shown in Table 2 [16, 24] .
Pharmacokinetic properties and dosage regimen
The pharmacokinetics of voriconazole are non-linear in adults. The absorption is rapid and almost complete after oral administration. The maximum plasma concentration is achieved after 1-2 hours. The bioavailability is about 96%. The best absorption is achieved when voriconazole is administered twice daily in the first 24 h via the loading dose and after the first day via the maintenance dose [16, 20, 28, 29] . Lower voriconazole concentrations have been reported after oral administration, which is why careful drug monitoring needs to be performed in cases of switch from an intravenous (i.v.) to an oral formulation [30] .
The distribution volume is 4.6 l/kg, which proves a good penetration of the drug into tissues. Plasma protein binding is estimated to be 58%. The drug penetrates to the cerebral fluid [16] .
Voriconazole is metabolized in the liver via the CYP2C9, CYP3A4 and CYP2C19 isoenzymes, forming non-active metabolites. The genetic polymorphism of CYP2C19 isoenzyme has a great influence on inter-individual variability of pharmacokinetic parameters [16, 31] . Table 3 presents the main information about the mentioned isoenzyme, its alleles, the influence of genotype on the metabolism of voriconazole and measured serum levels. The influence of CYP2C19*9-*16 is not known yet [32] .
The median half-life of voriconazole is approximately 6 h depending on the dose. Multiple dosing or i.v. administration increases the parameter [16] .
Voriconazole is metabolized mainly in the liver; only 2% of the administered dose is excreted in an unchanged form in the urine.
There is no need of dose regimen modification according to gender. Dolton et al. suggest that there is no relation between body weight and dose requirements. However, some cases of side effects in obese patients treated with doses determined according to actual weight have been reported, whereas there have been no adverse drug reactions (ADR) if voriconazole was administered in weight-independent dosage regimens [30, 33, 34] . The dose should be elevated in children because of the more frequent inter-individual variability in the pediatric population. The i.v. way of administration is preferred in children with low body mass and absorption disturbances [16, 20] .
For the adult population, no effective method of PK/PD modeling has been established, which may be associated with a limited number of data on the pharmacokinetics of voriconazole in the group of patients suffering from invasive fungal infections [35] . In adults, a loading dose of 400 mg every 12 h and a maintenance dose of 200 mg every 12 h is recommended [16] . For comparison, two pharmacokinetic models have been established for the pediatric population [35] . In the independent studies performed by Karlsson et al. and Neely et al. a loading dose of 7 mg/kg body mass for i.v. and 200 mg every 12 h for the oral formulation has been established [36, 37] . Kuo et al. stated that the best model describing the pharmacokinetics of voriconazole in the pediatric population is a linear model [38] .
Posaconazole pharmacokinetics are linear, best described by a one-compartment pharmacokinetic model with first order elimination [39] . After the oral administration, the absorption of the drug depends on the dose regimen and the amount of fat in the food. The bioavailability is higher when the drug is administered in four divided doses. Co-administration with PPI (proton pump inhibitors) and metoclopramide and also inflammatory states such as mucositis reduce the bioavailability of oral posaconazole formulations [39] . After the administration of 800 mg of posaconazole in two doses, every 12 hours, the parameter is 98%; after dividing the dose into four smaller doses every 6 h it rises to 220%. The saturation of absorption has been observed after using doses above 800 mg. After a single dose administration, the time needed to reach maximal concentration (C max ) is about 5-8 hours. The plasma protein binding level is 98%. The lipophilic posaconazole is characterized by a distribution rate of about 5-25 l/kg which suggests distribution in the extravascular space and penetration into the intracellular space [24, 40, 41] . Intravenous posaconazole formulations are well tolerated when administered in a single dose of 300 mg during 30 minutes. However, careful infusion site monitoring is recommended. The multiple dosing of posaconazole i.v. formulations leads to high rates of infusion side effects, such as thrombophlebitis [42] .
Posaconazole is metabolized through the 2 nd phase biotransformation, mainly by UDP-glucuronyltransferase. Only 2% of the administered dose is oxidized via the P450 cytochrome isoenzymes. The drug is a substrate and an inhibitor of P-glycoprotein. The metabolites formed by the P450 enzymes make up only a small amount of circulating metabolites [40, 41] .
Posaconazole is predominantly eliminated with feces in an unchanged form (77%). Only about 14% is excreted with urine. The half-life is about 35 h, and the steady state is achieved after 5-7 days of administration [20, 24, 41] .
Studies carried out in the pediatric population from 8 to 17 years of age showed a similar safety profile to the one observed in adults. Nonetheless, the number of patients was small, so there is a need for more similar studies to prove the hypothesis. In elderly patients, an increase of the C max and AUC (area under the curve) of about 29% was observed, what may suggest the need of dose regimen modification in this group of patients [24] .
Factors influencing the pharmacokinetics
Food intake affects the bioavailability of voriconazole and decreases it by about 22%. This is considered to be an indication for administration of the drug on an empty stomach [16] . The gastric pH does not influence the solubility or absorption of the drug [43] . A second factor influencing the voriconazole pharmacokinetics is the patients' genotype. Especially the CYP2C19 mutation previously described plays a great role. Hepatic impairment also influences the pharmacokinetics. Studies have shown 2.5-fold higher AUC values in patients with hepatic disturbances (Child-Pugh classification A and B), which suggests [16, 38] . Posaconazole is better absorbed when it is administered with high fat meals in four doses of 200 mg. Its pharmacokinetics are influenced by coexistent ailments affecting the gastrointestinal motility (diarrhea, mucosa inflammation) and GVHD. Studies on healthy volunteers did not show that gender and ethnicity affect the pharmacokinetics [24, 40, 41] . It has been demonstrated that in elderly patients, the serum concentration of posaconazole is higher due to a lower apparent volume of distribution [44] . There is no need for drug regimen modification in patients with renal impairment. However, hepatic disturbances (2-fold higher g-glutamyl transpeptidase [GGT]) and drug administration through a nasogastric tube can be an indication for dose regimen modification [14, 44] .
Adverse drug reactions
Voriconazole is a well-tolerated drug. The most frequently occurring ADR are visual disturbances (23-35%) demonstrated as color vision change, blurred vision, scotoma and photophobia. These reactions appear at the time of administration and return to normal after about 30 minutes. Moreover, skin reactions such as rash (usually mild severity), gastric disturbances, hepatic disturbances (elevation of AST, ALT, alkaline phosphatase, GGT, lactate dehydrogenase, bilirubin) can appear. In about 10% of patients, abnormal heart rhythm can be observed. There have also been cases of squamous cell carcinoma with unknown etiology reported [45, 46] . Adverse drug reactions that occur more often during treatment with voriconazole than posaconazole are sinusitis, hypoglycemia, hypokalemia, depression, hallucinations, anxiety, headache and dizziness, peripheral edema, thrombophlebitis, hypotension, acute respiratory distress syndrome, pulmonary edema, jaundice, backache, acute renal failure and hematuria [14] [15] [16] .
The treatment with posaconazole is often (≥ 1/100 to < 1/10) connected with the following ADR: neutropenia, electrolyte dysfunction, anorexia, paresthesia, dizziness, drowsiness, headache, vomiting, nausea, stomachache, diarrhea, dyspepsia, dry mouth, flatulence, elevated ALT, AST, alkaline phosphatase, GGT, lactate dehydrogenase, bilirubin, pyrexia, asthenia, tiredness [24] .
The most frequent ADR of voriconazole and posaconazole are presented in Table 4 [16, 24] .
Drug interactions
Voriconazole can increase serum levels of astemizole, terfenadine, cisapride, pimozide and quinidine. This leads to prolongation of the QTc and arrhythmia. The drug is also connected with the increase of sirolimus and ergot alkaloids plasma concentrations. The co-administration of the mentioned drugs with voriconazole is contraindicated. Voriconazole increases the serum levels of cyclosporine A and tacrolimus, so reduction of the dose of these drugs when co-administered is recommended. The drug increases the action of warfarin and other anticoagulants. Monitoring of prothrombin time as well as dose adjustments are needed. Monitoring of blood glucose is recommended during co-administration with sulphonylureas. The administration of voriconazole with statins may lead to rhabdomyolysis, with benzodiazepines can result in prolongation of sedative action, and with vincristine and vinblastine can result in neurotoxicity. The administration of voriconazole with an enzymatic inductor such as phenytoin and rifabutin is not recommended. The need for co-administration makes it necessary to increase the triazole maintenance dose. Monitoring of methadone adverse drug reactions is recommended. Posaconazole co-administered with ergot alkaloids may lead to prolongation of QTc. The drug is one of the CYP3A4 inhibitors, which creates a need for dose adjustment in co-administration with many other drugs [14, 16, 24, 28] . In Table 5 voriconazole and posaconazole drug interactions leading to changes in plasma concentrations of antifungal agents are presented [16, 24, 28] . The main drug interactions and recommendations for co-administration of voriconazole and posaconazole with other drugs are demonstrated in Table 6 [16, 24] .
Therapeutic drug monitoring of voriconazole and posaconazole
According to the pharmacokinetics of voriconazole and posaconazole, adverse drug reactions and other factors influencing the serum levels, therapeutic drug monitoring (TDM) is required for optimization of treatment of invasive fungal infections, but there is only a limited amount of research on the topic. Brüggemann et al. state in their article the urgent need for TDM enrollment, and point out the areas with lack of information [47] . The study carried out by Soler-Palacín et al. suggested the need for inclusion of therapeutic drug monitoring in the routine procedures among the pediatric population [48] . In the case of posaconazole treatment, TDM is needed only in high-risk patients, to determine compliance [49] [50] [51] . The British Society for Medical Mycology laid down guidelines for TDM of antifungal agents. According to the publication, "therapeutic drug monitoring should be performed in the majority of patients receiving voriconazole or posaconazole" [52] . In Table 7 , the most important information connected to TDM of antifungal agents is presented [28, 44] .
In conclusion, among numerous similarities, the clinical pharmacology of voriconazole and posaconazole exhibits some differences as well, as demonstrated in this article. It is necessary to take them into consideration in everyday clinical praxis. Table 8 is a summary of all similarities and differences between the two drugs discussed in this article [16, 20, 24, 35] .
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